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Abstract 
Bi2.1Sr1.96CaxCu2.0Ox (Bi-2212) thick films with Ag substrates were prepared through dip coating process. By X-ray 
diffraction (XRD) and scanning electron microscopy (SEM) characterizations, the influences of heat treatment 
parameters on the phase transition process and the aligned growth of Bi-2212 grains have been systematically studied. 
The maximum heat treatment temperature, Tmax, and cooling rate, Rc has been optimized. Meanwhile, the influences 
of the coating density on the microstructures and the transport properties have also been discussed by applying an 
additional cold pressing. The Jc value of over 7300 A/cm2 (77 K, self field) has been obtained from the direct powder 
pressing process, which is over 60% higher than that from the traditional dip coating thick film. 
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1. Introduction 
High-temperature superconductors Bi2Sr2CaCu2Ox (Bi-2212) exhibited excellent properties under low-
temperature, high magnetic field conditions. As the only material so far, which can be made into isotropic 
round wires to simplify the winding process for magnet fabrication, it demonstrates great potential for the 
applications in high field magnets and large current areas [1-2]. However, there are two factors limiting 
the transport properties of Bi-2212 based superconductors. One is the weak pinning mechanism, which 
can be attributed to its intrinsic lattice structure [3]. The introduction of pinning centers and modification 
of lattice structures can effectively enhance the pinning mechanism [3-4]. The other factor is the weak 
intergrain connections [5-6]. Therefore, for the practical applications, the aligned microstructure is a 
crucial factor to obtain the high Jc values in Bi-based superconductors [7].  
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Many efforts have been made on the optimization of the microstructures of Bi-2212 tapes (wires) [7-9] 
and thick films [10-12]. The texture degrees of (00l) peaks are mostly used to measure the quality of 
intergrain connections, which was calculated as following,  
00 00 2212( ) 100%l l spF I I I= +¦ ¦ ¦ ×   (1) 
where I00l represents for the intensity of (00l) peak for Bi-2212 phase, ěI2212 is the total diffraction 
intensities of Bi-2212, and ěIsp the total diffraction intensities of the other secondary phases, including 
Bi2Sr2CuO6 (Bi-2201), alkali earth cuprates (AEC) and Cu-free phase (CF), etc.. Due to the simple 
preparation process, in our study, we applied the dip-coating technique, combining with the partial 
melting process to fabricate Bi-2212 thick films. 
Partial melting process is a classical method to obtain the textured Bi-2212 structures [13]. The partial 
melting process for thick films is similar to the one for tapes and wires. It is accomplished by heating the 
thick films to a maximum heat treatment temperature, Tmax, and then cooling them down with a certain 
cooling rate, Rc to 840 oC and air quenching. During the partial melting process, the phase transformation 
processes are composed of 1. peritectic decomposition of Bi-2212 into liquid, alkali earth cuprates (AEC) 
(solid) and Cu-free (CF) phase (solid); 2. formation of Bi-2212 plates-like grains on the Ag substrates and 
formation of aligned structures [14]. Tmax and Rc are two key parameters to control the final phase 
composition of Bi-2212 based materials by affecting the dynamic processes of both the decomposition 
and recrystallization of Bi-2212. In this study, the influences of these two parameters on the phase 
composition and texture degrees were systematically investigate. Coating density is also an important 
parameter for the texture formation process. Therefore, cold pressing was applied to tune the coating 
density.  
2. Experimental 
Bi2Sr2CaCu2Ox precursor powders were prepared by co-precipitation process with the starting 
materials of Bi2O3, SrCO3, CaCO3, and CuO (> 99.9%, Alfa). The calcinations were taken at 800 oC/ 12 h, 
820 oC/ 20 h, and 850 oC/ 20 h in air with intermediate grinding after each stage. The final powders were 
milled and sieved into 425 meshes. The paste for coating was made by mixing the precursor powders, 
organic binder (polyvinyl butyral) and solvent (ethanol) with the weight ratio of 10: 0.1: 9. Meanwhile, 
Ag substrates with the dimension of 4× 20× 0.2 mm were cleaned by ultrasonic. The Bi-2212 thick films 
were obtained by dipping the substrate into the paste and lifting up with the constant speed of 2 cm/s on 
self-made lifting device. The thick films were heated at 150 oC for 2 h to get rid of the organics. For the 
powder pressing samples, precursor powders were directly spread on the thick films uniformly, where the 
weight increase was precisely controlled to be 0.01 g for each thick film. Then cold pressing was applied 
on several dip-coating samples and the powder pressing samples, with the applied load of 20 Pa for 20 
min. During the partial melting process, Tmax of 880, 885, 892, and 895 oC were applied until the Bi-2212 
were partially melted and kept at Tmax for 20 min, then cooled down with the certain cooling rate of 5 oC/h 
to the annealing temperature of 840 oC and then air quenched. After obtaining the optimized Tmax value, 
Rc of 1, 2, 5, to 10 oC/h were applied to investigate the texture evolution during the cooling process.  
X-ray diffraction (XRD) patterns were taken on an X-ray diffraction (XRD, Rigaku D/MAX2000PC) 
with Cu-KĮ radiation. The morphology was observed by field-emission scanning electron microscopy 
(FESEM, JSM-6700F). The compositional analysis was taken by Inca-X-Stream Energy- dispersive X-
ray spectroscopy (EDX). The critical current, Ic, was measured at liquid nitrogen temperature (77 K) on a 
computer-aided apparatus using a DC four-probe method with the criterion of 1 μV/cm. The critical 
current density, Jc, was calculated with Ic and the cross section area, A, as Jc = Ic/A. 
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3. Results and Discussions 
3.1. Maximum Heating Temperature 
X-ray diffraction patterns of the thick films were shown in Fig. 1 (a). It can be noticed that Bi-2212 is 
the major phase of all these thick films. As shown in Fig. 1 (b), the F00l values increased first with 
increasing Tmax, and then decreased, which suggested that the optimized texture microstructures can be 
obtained with Tmax of 885 oC. Small amount of secondary phases, Bi-2201 and CaSrCu2O4 (1:1 AEC) can 
also be indexed. And the reflecting peak of 1:1 AEC at 32o increased with the increasing Tmax. 
          
Fig. 1. (a) XRD patterns for Bi-2212 thick films sintered at different Tmax, 880, 885, 892, 895 oC; (b) F00l values of thick films heat 
treated with different Tmax.  
The cross section fraction morphology was characterized with SEM, as shown in Fig. 2 (a~d). After the 
heat treatment under 880 oC, randomly distributed powders with the size of ~15 μm can be observed, 
which suggested that 880 oC is too low for the partial melting process. With the Tmax increased to 885 oC, 
plate-like Bi-2212 grains were formed and aligned microstructures were obtained. While with the further 
increase of Tmax to 892 and 895 oC, 1:1 AEC phase (shown as dark robs) can be obviously observed as the 
secondary phase, which destroyed the aligned structures of Bi-2212. Therefore, combining with the XRD 
results, it can be concluded that Tmax can greatly influence the melting process. If Tmax is too low, the 
precursor powders can not be melted, no texture can be obtained. On the other hand, if Tmax is improperly 
too high, the residual 1:1 AEC grains tends to grow up in the liquid phase. So during cooling, AEC grains 
can not sufficiently react with Bi-2201 and will remain in the thick films. The rods of 1:1 AEC can easily 
destroy the aligned structures of Bi-2212 pieces, thus influence the transport properties of thick films.   
  
Fig. 2. SEM images for Bi-2212 thick films sintered at different Tmax, (a) 880  oC, (b) 885 oC, (c) 892 oC, and (d) 895 oC.  
The Jc values were plotted in Fig. 3 as a function of Tmax. Since the precursor powders were not melted 
under the Tmax of 880 oC, no intergrain connections can be obtained, and no current can be transported. On 
the other hand, with higher Tmax ı 892 oC, the critical current density decreased due to the broken of 
texture by additional 1:1 AEC rods. The maximum critical current density of 5240 Acm-2 was obtained on 
the thick film with Tmax of 885 oC due to its optimized texture structure and high superconducting phase 
content.  
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Fig. 3. Critical current density, Jc values of Bi-2212 thick films as a function of Tmax. 
3.2. Cooling Rate 
The XRD patterns of the thick films with different Rc were shown in Fig. 5 (a) and the calculated F00l 
values were plotted in Fig. 5 (b). The texture degree of Bi-2212 (00l) peaks increased first then decreased, 
with the optimized F00l of 82 % obtained on the Rc = 5 oC/h sample. No Bi-2212 peaks can be detected on 
the Rc = 1 oC/h sample, instead Bi-2201, CaBi2O4, and 14:24 AEC can be indexed, suggesting the 
complete decomposition of Bi-2212. Comparing with the Rc = 2 oC/h sample, the optimization of texture 
degree for Rc = 5 oC/h sample can be attributed to the decrease of secondary phase. While comparing with 
the Rc = 10 oC/h sample, the optimization can be attributed to both the improvement of phase content and 
the enhancement of aligned growth process. 
      
Fig. 4. (a) XRD patterns for Bi-2212 thick films sintered with different cooling rate Rc of 1, 2, 5, 10 oC/h; (b) F00l values of thick 
films heat treated with different Rc. 
       
Fig. 5. SEM images for Bi-2212 thick films sintered with different cooling rate Rc, (a) 1 oC/h, (b) 2 oC/h, (c) 5 oC/h, and (d) 10 oC/h.  
The cross section fraction morphologies were shown in Fig. 6 (a~d). The optimized aligned structures 
was observed on the Rc = 5 oC/h sample. During the partial melting process, the slower cooling rate leads 
to the longer melting period. Therefore the recrystallized Bi-2212 grains decomposed into Bi-2201 and 
AEC phase. Therefore no aligned structures can be observed on the thick films with the cooling rate of 1 
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oC/h. With the further increase of Rc to 2 oC/h, the decomposition of Bi-2212 has been restrained and 
textured Bi-2212 phase can be obtained with slight amount of precipitated secondary phase. While Rc of 
10 oC/h is so high that no sufficient reaction time can be provided for the formation and aligned growth of 
Bi-2212 grains. Therefore the decrease of F00l can be contributed to the residual secondary phases (Bi-
2201 and 1:1 AEC). 
The Jc values as a function of Rc were plotted in Fig. 6. Comparing with the three superconducting 
samples, the maximum Jc was obtained on the thick film with Rc of 5 oC/h. While with the precipitation of 
secondary phases, Jc decreased a little for the thick film with Rc of 2 oC/h. And due to both the residual 
secondary phase and the insufficient aligned growth of Bi-2212 grains for Rc = 10 oC/h sample, Jc 
decreased a lot. So the optimized parameters with Tmax of 885 oC and Rc of 5 oC/h can be recognized as 
the optimized parameters for the partial melting process of Bi-2212 thick films. 
      
Fig. 6. Critical current density, Jc values of Bi-2212 thick films as a function of cooling rate, Rc. 
3.3. Coating Density 
In order to study the influence of coating density on the texture formation of Bi-2212 thick films, the 
cold pressing process has been applied after both the dip-coating and direct powder spread processes. And 
the optimized partial melting process has been performed. As shown in Fig. 7, the back-scattering images 
were taken on the polished cross section of these samples. In Fig. 7 (a), large amounts of cracks and holes 
can be observed, as well as the secondary phase of AEC (black area) and Bi-2201 (light gray area). In Fig. 
7 (b) and (c), the density of cracks and holes obviously decreased due to the increase of coating density. 
And for the powder pressing sample, the Bi-2212 phase content also increased which implied that the 
residual carbon content from the decomposition of organics may have an effect on the phase transition 
process during the partial melting process. The improvement of texture can be observed in Fig. 7 (d), and 
the optimized F00l value of 93% was obtained in the powder pressing film. 
                  
Fig. 7. Back scattering images for Bi-2212 thick films with different coating process, (a) dip-coating, (b) dip-coating + pressing, and 
(c) powder pressing, (d) F00l values of thick films with different coating process.. 
The critical current density of these three films were measured and plotted in Fig. 8. With the increase 
of coating density, Jc was enhanced for about 35 %. And with the further increase of phase purity, the 
maximum critical current density of 7300 Acm-2 was obtained. Thus the importance of coating density 
can be confirmed. 
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Fig. 8. Critical current density, Jc, of Bi-2212 thick films with different coating process.  
4. Conclusion 
Bi-2212 thick films have been fabricated with the dip coating process. The influences of two key 
parameters, Tmax and Rc, on both the phase composition and texture formation were systematically 
investigated. With proper Tmax, Bi-2212 can be melted into liquid and the further growth of AEC grains 
can be restrained, which assured the well-textured microstructure. With proper Rc, enough time will be 
provided for both the phase transition from AEC phase to Bi-2212 and the aligned growth of Bi-2212 
grains. Meanwhile, no Bi-2212 phase decomposition will take place. Therefore, the Tmax of 885 oC and Rc 
of 5 oC/h are necessary for the partial melting process of Bi-2212 thick films. Moreover, the aligned 
structures can be further enhanced by increasing the coating density.  
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